Abstract: A common code for integrating perceptions and actions was relevant for simple behavioral guidance well before the evolution of cognitive abilities. We review proposals that representation of to-be-produced events played important roles in early behavior, and evidence that the neural mechanisms supporting such rudimentary sensory predictions have been elaborated through evolution to support the cognitive codes addressed by TEC.
The Theory of Event Coding (TEC) is a "framework for the cognitive underpinnings of perception and action planning." In their scholarly introduction, Hommel et al. point out that what most traditional approaches to cognition lack is a means of linking perception and action together. TEC proposes to provide this linkage through a common code representing both "perceived" and "tobe-produced" events. A rich body of psychological data is reviewed to support the existence of such a common code.
Like many of the cognitive theories it hopes to replace, however, TEC is developed along what one might call an "inverted phylogeny." That is, it begins by focusing on representational structures necessary for advanced cognitive abilities of humans, such as flexible action planning, and suggests that these abilities require the evolution of cognitive codes for linking perceptions and actions. Hommel et al. suggest that common coding "evolved as a means to find a transition directed from responding to given stimulus conditions to planning goal-direction actions" (sect. 5.1), in other words, that it allowed reflex-like behavior to evolve toward goaldirected planning and cognition. However, perception and action have always been closely linked, well before advanced cognitive abilities and cognitive representations ever entered the evolutionary stage. Ancestral animals were quite capable of producing adaptive actions guided by sensory information about their world and aimed at achieving behavioral goals; and abilities such as flexible planning had to have evolved within the context of their situated activity. Thus, the common coding emphasized by TEC most likely reflects the ancestral heritage of cognition itself -the perception-action linkages present for millions of years in the functional architecture for situated interaction.
With this perspective, one is motivated to address the issue of perception-action linkage from a more humble evolutionary viewpoint. How did early organisms guide action? What sensory processing was necessary to organize their activity in the world? A great deal of work has been done on such issues, and many ideas similar to those proposed by TEC have already been discussed in the field. A classic example is the ethological concept of the "Sollwert," or "should-be stimulus" (Hinde 1966) . Like event codes, the Sollwert is a representation of desirable stimuli that a behaving system should aim to produce through its behavior. Here, we review some related concepts regarding the control of situated interaction and outline a speculative phylogenetic story of how they may have evolved toward the kinds of cognitive abilities that TEC is meant to address.
The basic functional organization of early living systems was feedback control (for review, see Cisek 1999; Powers 1973) . From a general perspective, the processes we call "behavior" are specializations of that control which extend it into the environment by exploiting consistent properties of that environment. In this way, they are related to the processes called "physiology," which maintain internal control by exploiting consistent properties of biochemistry. In order for behavioral control to be effective, actions must be performed that produce consequences that benefit the organism. Early animals could have gotten along with simple trial-and-error behavior and reinforcement learning, but more effective behavior requires the development of neural systems to predict the sensory consequences of potential actions and to use these predictions to select the action that leads to the most desirable results.
Consider an animal situated within a natural environment -for example, a thirsty gazelle approaching a pool of water. Information from the environment specifies to the animal a number of potential actions currently available: the location of the water specifies the direction for an egocentric approach behavior with the possible benefit of quenching thirst, the presence of a lioness near that pool calls for avoidance; and the surrounding terrain, including the layout of obstacles, specifies the possible directions in which to flee. The animal's task is to select those actions whose consequences will have the greatest benefit within its current behavioral context -approaching water is desirable, but only if it doesn't bring the gazelle too close to the lioness. Here, the distinction discussed by Hommel et al. between "sensorimotor" and "ideomotor" views is relevant. A sensorimotor architecture is the only means to specify the parameters of available movements because all interaction is constrained by current geometry. Whatever the lofty goals of one's journey may be, one must first successfully navigate through the door of one's house. However, an ideomotor, goal-driven architecture is the best source of information for selecting an action from among the current possibilities. This selection must be biased by both discrete immediate goals such as quenching thirst, and by general requirements such as self-preservation. Such mechanisms had to have existed in at least a crude form even in ancient animals. One might suggest that the simple behavior that laid the foundations of neural organization consisted of first using sensory information to specify currently available potential actions, and then selecting the action best suited toward current goals (Cisek, in press; Kalaska et al. 1998; Toates 1998) . Both the selection and guidance of movement requires a means of predicting the sensory consequences of actions.
For example, prediction of sensory consequences is crucial for identifying what is and what is not constant in the world while moving through it. According to the classic "reafference principle" (von Holst & Mittelstaedt 1950) , information about self-induced motion such as eye or head movement is used to cancel out the sensory consequences of that motion, leaving a perception of constancy. Without the prediction of sensory events produced by saccades, the world would appear to shift dramatically every time we moved our eyes.
Prediction of sensory consequences is also important for guiding an ongoing movement. For example, even a simple reaching movement cannot be executed quickly by relying solely on actual sensory information, because inevitable conduction and processing delays will render that information outdated. This can result in instability. However, because the laws of biomechanics and physics enforce a tendency for a given movement to produce a consistent sensory result, sensory feedback can be learned and predicted. This predicted feedback can then be used to adjust movement in place of the delayed real feedback. It has been proposed that effective motor control utilizes predictions of sensory feedback, or what in motor control theory is called a "forward model" (Miall & Wolpert 1996) . For example, a forward model of arm dynamics can be used to predict the inertial and interaction forces that are generated during a particular movement, and to pre-emptively compensate for these forces, thereby eliminating errors in execution. Our ability to learn new force environments may be due in part to the operation of such a forward model (Lackner & DiZio 1994; Shadmehr & Mussa-Ivaldi 1994) .
A forward model can also be used to predict the sensory consequences of entire acts. For example, moving in a particular direction has the reliable consequence of bringing objects in that direction closer. This simple fact can be very valuable for selecting actions. Suppose you see a desirable object that can satisfy some current need when obtained (e.g., a fruit that can satisfy hunger). If the object is within reach, then reaching and grasping actions are available and will be selected because they are expected to result in the greatest payoff. If the object is out of reach, then reaching and grasping actions are not available. However, among other options, it may be possible to approach the object. One predicted consequence of approaching an object is to put it within reach, and to thus make the desired reaching and grasping action available. Thus, a simple sequence of acts such as approaching and obtaining food can be organized using a predictive estimate of how a particular action might make other actions available, and what the expected payoff of those new actions will be.
A growing body of neurophysiological data suggests that the brain is capable of predicting the sensory consequences of its behavior (for review, see Kalaska et al. 1997) . For example, some neurons in the lateral intraparietal area (LIP) remap the expected shift in location of a visual stimulus in their receptive fields before the initiation of a saccade, anticipating the shift in the visual field that the saccade will produce (Duhamel et al. 1992) . When the motion of an object is coupled to an animal's movement, neurons in LIP predict the motion even while the object is temporarily obscured (Eskandar & Assad 1999). The cerebellum has often been implicated in playing a central role in prediction of sensory consequences, appearing to serve the role of a forward model (Albus 1971; Grossberg 1969; Marr 1969; Miall & Wolpert 1996; Rosenblueth et al. 1943) .
In light of the discussion above, it is intriguing to consider some aspects of cerebellar anatomy. To summarize it very briefly, the cerebellum forms a set of discrete parallel loops with various parts of the fronto-parietal cerebral network responsible for movement production (Middleton & Strick 2000) . Some of these loops pass through the primary motor cortex and are presumably involved in adjusting the descending motor command to compensate for movement dynamics, as discussed above. Other cerebellar loops pass through premotor cortex, and may be involved in predicting the immediate consequences of specific intended movements. The observation of "mirror neurons" in ventral premotor cortex (Fadiga et al. 2000) is consistent with such a sensory prediction hypothesis. Finally, still other cerebellar loops pass through areas 46 and 9 of the prefrontal cortex. These regions are implicated in higher cognitive functions such as sensory integration, working memory, decision-making, and planning (Bechara et al. 1998; Constantinidis et al. 2001; Fuster 2000; Kim & Shadlen 1999; Rowe et al. 2000; Wise & Murray 2000) . From the context of the discussion above, they may be involved in integrating current, memorized, and predicted sensory information in order to allow effective selection of action.
One may speculate that the anatomical arrangement of these various cerebro-cerebellar loops is evidence of their phylogenetic relationship. The cerebellar projection that ultimately arrives in primary motor cortex passes through the dorsal portion of the dentate nucleus (one of the cerebellar output nuclei). Just adjacent to that, through the lateral dentate nucleus, passes the projection to premotor cortex. On the basis of their proximity, one may speculate that the projection to premotor cortex evolved through the differentiation and specialization of the already existing projection to primary motor cortex, or that these cerebellar projections may have differentiated in parallel with the expanding cerebrum. Going further ventrally in the dentate, adjacent to the premotor projection, one finds cerebellar projections to prefrontal cortical area 46 and area 9. This again suggests a phylogenetic relationship. Perhaps the higher cognitive functions such as decision-making and planning emerged out of ancestral abilities such as movement control and rudimentary response selection, and continue to make use of the general mechanism for predicting consequences of acts. Perhaps TEC derives from an old architecture for situated interaction which has been predicting consequences of actions for a long time.
In conclusion, many aspects of behavior, including the guidance of ongoing movements and the selection of potential acts, can benefit from mechanisms which combine sensory and motor information to predict the perceptual consequences of actions. Such predictive control probably existed in simple animals and established the fundamental neural organization millions of years before cognitive abilities such as flexible decision-making entered the stage. The control of behavior therefore involved "tobe-produced" events long before cognition -not to link perception and action (which were never separate in the first place), but for simple practical reasons of movement stability and effective behavioral selection. Over the long course of evolution, the kinds of explicit descriptive representations emphasized by most of cognitive science emerged as specializations within the grounded framework of situated activity. They gradually became liberated from context-dependent sensorimotor codes in order to support increasingly arbitrary associations and abstract reasoning. However, as the data reviewed by Hommel et al. suggests, they have not been liberated completely. A certain degree of common coding remains in cognitive representations because cognition inherited the properties of the functional architecture for situated interaction within which it evolved.
